INTRODUCTION {#S3}
============

Parkinson's disease (PD) is an adult-onset neurodegenerative disorder that is characterized histologically by the loss of ventral midbrain dopaminergic neurons and by the presence of intra-cytoplasmic proteinaceous inclusions, or Lewy bodies, in the few neurons that are spared ([@R7]). In a subset of PD cases, mutations in *PINK1*, which encodes for a mitochondrial kinase, have been associated with an early-onset form of the disease, inherited as an autosomal recessive trait ([@R40]).

In energized mitochondria, full-length PINK1 (63 kDa) is rapidly imported and processed in two steps: first by the mitochondrial processing peptidase (MPP) to a 60-kDa intermediate form (cleavage between aa 34 and 35 \[[@R12]; [@R15]\]), and then by the presenilin-associated rhomboid-like protein (PARL) to a 52-kDa mature form (cleavage between aa 103 and 104 \[[@R12]; [@R15]; [@R46]\]). The 52-kDa form is located on the mitochondrial outer membrane (MOM) and retains most of the known functional properties of the full-length form ([@R34]).

Whereas the transcription of *PINK1* is high ([@R5]; [@R38]; [@R39]; [@R49]), the steady-state levels of all three PINK1 protein species are unexpectedly low ([@R49]). Although low mRNA stability might account for this finding, a second possibility is that some of the PINK1 polypeptide species, and especially the fully processed mature 52-kDa form, are turned over rapidly. In support of this second possibility, it has been found that PINK1 is ubiquitinated, but which of the three PINK1 species is modified is not known ([@R32]; [@R49]).

We show here that mature, but not full-length, PINK1 is polyubiquitinated and that its level is kept low in healthy mammalian mitochondria via a specific ubiquitination at Lys-137 (K137), followed by subsequent proteasomal degradation.

RESULTS {#S4}
=======

Ubiquitinated PINK1 Is Anchored Primarily to Mitochondria {#S5}
---------------------------------------------------------

The ubiquitin/proteasome system is known to degrade MOM proteins, such as mitofusins ([@R37]), in damaged mitochondria. To test whether the same process applies to PINK1, we first asked whether ubiquitin is attached covalently to PINK1. We thus transfected influenza hemagglutinin (HA)-tagged ubiquitin (HA-Ub) into a stable human HEK293T cell line, in which exogenous PINK1 expression is \~3--5 times less than that in transiently transfected cells in the presence or absence of the proteasome inhibitor MG132. As described previously ([@R42]), lysates from transfected cells with normal mitochondrial membrane potential were immunoprecipitated with anti-PINK1 and western blotted to reveal the HA tag. A HA-immunopositive smear was detected, most prominently after treatment with MG132 ([Figure 1A](#F1){ref-type="fig"}, upper panel). When these blots were re-probed with anti-PINK1, an immunopositive smear was observed ([Figure 1A](#F1){ref-type="fig"}, lower panel), implying that PINK1 is ubiquitinated covalently. In addition, these polyubiquitinated PINK1 (Ub-PINK1) bands were resistant to treatment with Empigen BB, a denaturing detergent to weaken protein-protein interaction without disrupting the high-affinity antigen-antibody interactions ([Figure S1A](#SD1){ref-type="supplementary-material"}), supporting that polyubiquitinated bands were generated directly from PINK1. Ub-PINK1 was also observed in other cell lines treated similarly ([Figures S1B and S1C](#SD1){ref-type="supplementary-material"}). We also detected Ub-PINK1 in cells harboring endogenous PINK1, ubiquitin, or both ([Figures S1D--S1G](#SD1){ref-type="supplementary-material"}), implying that the endogenous ubiquitination machinery can modify endogenous PINK1. Of note, among different clonal cell lines that we screened, we only consistently detect endogenous Ub-PINK1 species ([Figure S1G](#SD1){ref-type="supplementary-material"}) in a BE(2)-M17 neuroblastoma cell line that stably expresses human wild-type α-synuclein ([@R13]). Finally, upon exposure of cells to 1 μM valinomycin to collapse ΔΨm, Ub-PINK1 was reduced dramatically in experimental conditions described above ([Figures 2F](#F2){ref-type="fig"} and [S1H](#SD1){ref-type="supplementary-material"}). These results indicate that Ub-PINK1 is a prominent feature of healthy mammalian mitochondria.

To determine the subcellular location of Ub-PINK1, we prepared crude cytosolic and mitochondrial fractions from HEK293T cells co-transfected with HA-Ub and PINK1. Ub-PINK1 species were strongly detected in the crude mitochondrial, but not cytosolic, fractions ([Figure 1B](#F1){ref-type="fig"}). When these crude mitochondrial preparations were exposed to varying concentrations of proteinase K, the immunoreactivity for Ub-PINK1 declined in parallel with that of the MOM protein TOM70, whereas the intermembrane space (IMS) protein SMAC was unaffected ([Figure 1C](#F1){ref-type="fig"}). Furthermore, when crude mitochondrial preparations were incubated with an alkaline extraction buffer, Ub-PINK1 was recovered primarily in the particulate fraction ([Figure 1D](#F1){ref-type="fig"}). These results indicate that Ub-PINK1 is anchored in the MOM, presumably facing the cytosol.

The 52-kDa Mature PINK1 Fragment Is the Predominant Ubiquitinated Species {#S6}
-------------------------------------------------------------------------

The above data showed that PINK1 is ubiquitinated, but did not reveal which PINK1 species is modified. There are 21 lysine residues in PINK1, with one (K24) located in the mitochondrial-targeting sequence (MTS), three (K114, K135, and K137) in the region connecting the main putative transmembrane domain and the kinase domain, 11 within the kinase domain, and six in the region downstream of the kinase domain ([Figure 2A](#F2){ref-type="fig"}). Except for K24, all of the lysine residues are present in both the 63-kDa and 52-kDa species. However, we and others ([@R15]; [@R19]; [@R36]; [@R49]) have found that proteasome inhibition increases the cellular content of 52-kDa PINK1 markedly more than that of 63-kDa PINK1. This finding suggests that the two main species may not interact with the ubiquitin-proteasome system equally, despite sharing the same set of internal lysine residues.

Thus, we set out to determine whether there was a difference in the ubiquitination pattern between the two main PINK1 species. The molecular mass difference between 63-kDa and 52-kDa PINK1 (i.e., 11 kDa) is approximately the same as of ubiquitin (\~8.5 kDa), making it challenging to determine whether cleaved PINK1, full-length PINK1, or both is ubiquitinated. To circumvent this problem, we performed an in vivo ubiquitination assay using two different antibodies to PINK1: one raised against residues G51-R68 in the N terminus (denoted "N-term") that only recognizes the 63-kDa PINK1 (see [Figure 2B](#F2){ref-type="fig"}), and the other raised against residues M175-A250 (denoted "PINK1") that recognizes both 63-kDa and 52-kDa forms ([Figure 2B](#F2){ref-type="fig"}). Ub-PINK1 was detected by anti-HA following immunoprecipitation (IP) of cell lysates with the PINK1 antibody, but was barely detectable following IP with the N-term antibody (left panels in [Figure 2D](#F2){ref-type="fig"}). Similar results were obtained for the reciprocal experiment, i.e., IP with anti-HA and blotting with either the PINK1 or N-term antibody (right panel in [Figure 2D](#F2){ref-type="fig"}). To exclude the possibility that the apparent difference in the 63-kDa versus 52-kDa PINK1 ubiquitination was due to the differential affinity of the two anti-PINK1 antibodies, we generated a construct containing an internal Myc-tag, inserted between residues P34 and G35 of PINK1 (Myc^34^-PINK1) ([Figures 2C](#F2){ref-type="fig"} and [S2A](#SD1){ref-type="supplementary-material"}). Of note, the localization, cleavage, ubiquitin modification pattern, and induction of Parkin mitochondrial recruitment of Myc^34^-PINK1 were comparable to that of the untagged PINK1 ([Figures S2B, S2C, and S4A](#SD1){ref-type="supplementary-material"}). A similar in vivo ubiquitination assay was then performed in HEK293T cells transiently co-transfected with Myc^34^-PINK1 and HA-Ub. A robust Ub-PINK1 signal was revealed by the anti-HA antibody (much more intense in the presence of MG132) when the IP was performed with the anti-aa 175--250 PINK1 antibody. Conversely, it was faint when the IP was performed with the anti-Myc antibody ([Figure 2E](#F2){ref-type="fig"}). These results imply that the Myc epitope inserted at aa 34--35 had been cleaved away from Ub-PINK1 due to PARL processing at aa 103--104 to generate the 52-kDa form.

Lastly, we performed an in vivo ubiquitination assay in cells, in which PINK1 cleavage was inhibited either chemically with 1 μM valinomycin or genetically by deletion of PARL, both of which prevent the conversion of the 63-kDa form to the 52-kDa form. Both strategies led to a decrease in the ratio of the 52-kDa:63-kDa forms, as expected ([@R15]; [@R25]; [@R42]), but surprisingly, there was also a striking reduction of Ub-PINK1 ([Figures 2F and 2G](#F2){ref-type="fig"}). Taken together, our results provide strong evidence that 52-kDa, and not 63-kDa, PINK1 is the main target of ubiquitination.

If both the full-length and mature forms of PINK1 contain the same lysine residues (except for K24 in the MTS \[see [Figure 2A](#F2){ref-type="fig"}\]), why is the full-length form "resistant" to ubiquitination? One possibility is that conformational changes triggered by the proteolytic processing of full-length (un-ubiquitinated) PINK1 alter the presentation of the lysine residues that are the main targets for ubiquitination. To explore this possibility further, we used both homology-based modeling and de novo structure-prediction algorithms to determine the most likely conformations of PINK1 before and after proteolytic cleavage, applying criteria such as the structural conformity to experimentally determined kinase domains and the overall quality of the relationship of the geometry to that of reference models. The top-ranked inferred 3D models of 52-kDa PINK1 showed a well-folded kinase domain (between aa I218 and H515) that aligned with a root-mean-square deviation of 2.5 Å between the top models and a structural template (a calcium-dependent kinase; PDB: 3DXN). On the other hand, the region between F104 to I233 that constitutes the N terminus of 52-kDa PINK1 adopts a different conformation in some of the top predicted models, hinting that a greater degree of structural flexibility may exist in this part of the protein. A notable feature that was common to all of the top predicted models is that K114, K135, and K137 (the only lysine residues located in the linker region \[see [Figure 2A](#F2){ref-type="fig"}\]) are all predicted to be surface residues exposed to the ambient environment ([Figure 3A](#F3){ref-type="fig"}). Thus, we hypothesize that the cleavage of full-length PINK1 after A103 allows the linker region between the MTS and the kinase domain (aa F104--I233) to adopt a conformation, in which the internal lysine residues become more exposed to the aqueous phase (i.e., the cytosol).

Cytosol-Facing K137 Is a Major Ubiquitination Site of Mitochondrial PINK1 {#S7}
-------------------------------------------------------------------------

In light of the modeling predictions, we asked whether the above three lysine residues could be the main internal sites of ubiquitination in 52-kDa PINK1. We found that mutation of the only lysine residue in the MTS (K24R) or deletion of the first 111 amino acids (Δ1--111) had a marginal effect on Ub-PINK1 immunoreactivity, whereas deletion of the first 155 amino acids (Δ1--155) dramatically reduced it ([Figures S2A and S2D](#SD1){ref-type="supplementary-material"}). Thus, the main sites of PINK1 ubiquitination likely reside between amino acids 111 and 155, the region that includes only three lysines, namely, K114, K135, and K137. Next, we used mass spectroscopy to gain further insights into PINK1 internal ubiquitination sites. We co-transfected HEK293T cells with wild-type PINK1 and HA-Ub and treated the cells with MG132. Protein extracts were then immunoprecipitated with anti-PINK1, and the bands on the SDS-PAGE corresponding to ≥60 kDa (i.e., ≥52 kDa PINK1 + 1 Ub) were excised ([Figure 3B](#F3){ref-type="fig"}), digested in-gel with trypsin, and analyzed by high-performance liquid chromatography with tandem mass spectrometry (LC-MS/MS) ([Figure 3C](#F3){ref-type="fig"}). The analyses from three independent preparations resulted in 65% overall coverage of the PINK1 sequence (378/581 aa). Three unique lysine residues containing the -Gly-Gly modification indicative of covalent ubiquitin conjugation were identified in the excised gel: K137 ([Figure 3C](#F3){ref-type="fig"}), K186, and K266 ([Figure S3A](#SD1){ref-type="supplementary-material"}); a fourth lysine, at K520, also gave a -Gly-Gly signature, but with a much lower degree of confidence (not shown). More-over, the Ub-PINK1 signal was not altered by the substitutions K186R or K266R ([Figure S3B](#SD1){ref-type="supplementary-material"}), suggesting that these two residues are unlikely to be predominant ubiquitination sites of PINK1. On the other hand, cells expressing the substitution K137R showed a profound reduction in the Ub-PINK1 signal as compared to wild-type PINK1 ([Figure 3E](#F3){ref-type="fig"}). Furthermore, we found that the K137R mutation greatly stabilized PINK1 because it increased its half-life by \~20-fold ([Figure 3F](#F3){ref-type="fig"}), with no evidence of PINK1 aggregation ([Figures 4B, 4D, and 4E](#F4){ref-type="fig"}) (see below). Worth noting, accumulation of the 63-kDa K137R was also observed ([Figures 3F](#F3){ref-type="fig"} and [S4B](#SD1){ref-type="supplementary-material"}). Finally, by comparing the sequence alignment of PINK1 orthologs in different species ([Figure 3D](#F3){ref-type="fig"}), we found that K137 is the most conserved of the three ubiquitin-modified residues identified in the spectroscopy analysis. We were unable to determine the ubiquitin modification of the lysine residues downstream of aa 363 due to the incomplete peptide coverage; hence, we cannot rule out the possibility that one of the uncovered lysine residues may also be ubiquitinated and contribute to PINK1 stability. Despite this caveat, our results support the importance of K137 in PINK1 ubiquitination and subsequent proteasome degradation.

The Polyubiquitin Chain on PINK1 Is Heterogeneous {#S8}
-------------------------------------------------

Proteasomal degradation of polyubiquitinated proteins typically involves covalent ligation of the lysine residue on the target protein to K48 of ubiquitin. To determine if this was the case for PINK1, we mutated the seven lysine residues in ubiquitin (K6, K11, K27, K29, K33, K48, and K63) to arginine individually. Of the seven mutations, three---K29R, K48R, and K63R---yielded the strongest reductions in polyubiquitination. Interestingly, the K29R signal was associated with the most dramatic reduction in Ub-PINK1 signal, followed by K48R and K63R ([Figure 3G](#F3){ref-type="fig"}), although by mass spectrometry, we were only able to detect the Ub-K48 -Gly-Gly signature ([Figure S3C](#SD1){ref-type="supplementary-material"}). These results suggest that PINK1 polyubiquitination consists of heterotypic chains, in which short initial K29-linked chains form longer mixed or branched chains composed primarily of K48 linkages and, to a much lesser extent, K63 linkages ([@R16]; [@R17]; [@R22]).

Is 52-kDa PINK1 Degraded via the N-End Rule Pathway? {#S9}
----------------------------------------------------

The above data imply that PINK1 degradation requires proteolytic cleavage of the full-length protein between A103 and F104 ([@R8]; [@R12]; [@R49]), followed by ubiquitination at K137 to initiate subsequent proteasomal degradation. The mechanism by which this degradation occurs has been proposed to be via the N-end rule ([@R47]) because the N terminus of 52-kDa PINK1 is phenylalanine, an N-end rule residue ([@R41]). This mechanism implies that the N-terminal F104 protrudes from the MOM, facing the cytoplasm, where the three E3-ubiquitin ligases (UBR1, UBR2, and UBR4) that are required for protein degradation by the N-end rule pathway reside ([@R35]), but this topology was never confirmed ([@R47]).

We therefore sought to define the sub-mitochondrial location of F104. We transfected cells with a construct, in which Myc was placed immediately before F104 (Myc^104^-PINK1). As with Myc^34^-PINK1 (described above), this mutant showed expression, cleavage, an ubiquitin modification pattern and induction of Parkin mitochondrial recruitment comparable to that of the untagged PINK1 ([Figures S2B, S2C, and S4A](#SD1){ref-type="supplementary-material"}). When the cells were treated with 0.01% digitonin to permeabilize the plasma membrane but not the MOM, no anti-Myc immunofluorescence signal was observed ([Figure 4A](#F4){ref-type="fig"}), implying that F104 resides *inside* the mitochondria, where it presumably would not be accessible to cytosolic N-recognins ([@R35]), contrary to the predicted topology ([@R47]). Of note, immunofluorescence to detect a Myc^109^-PINK1 construct was positive ([Figure 4A](#F4){ref-type="fig"}), implying not only that the anti-Myc antibody was functional in the context of PINK1, but also that residues C-terminal to aa 109 face the cytoplasm ([@R49]).

To help resolve the discrepancy between our and the published ([@R47]) topologies for F104 predicted by the N-end rule, we asked if mutation of F104 to stabilizing (i.e., non-N-end rule) N-terminal residues, such as methionine or alanine ([@R41]), increased PINK1 stability as described ([@R47]). We found that these two substitutions indeed increased the half-life of 52-kDa PINK1 (from \~2.3 hr to \~6.4 hr \[PINK1^F104A^\] and \~11.4 hr \[PINK1^F104M^\]), consistent with the N-end rule ([@R35]) ([Figure S4B](#SD1){ref-type="supplementary-material"}). In addition, we assessed the PINK1 turnover rate in mouse embryonic fibroblasts (MEFs) deficient in the N-recognins required for degradation ([@R35]), as described ([@R41]). As before, the lack of these three N-recognins was associated with an increased half-life of 52-kDa PINK1 ([Figure S4C](#SD1){ref-type="supplementary-material"}), again consistent with the N-end rule ([@R35]).

We were thus faced with the paradox of F104 residing inside mitochondria and yet apparently susceptible to degradation by the cytosolic N-end rule machinery. Because the N-end rule pathway requires that the N-recognins bind to the N-terminal residue, followed by ubiquitination at an internal target lysine, one would expect that if the N-end rule were operating on PINK1, Ub-PINK1 would be abolished in the F104^M/A^ mutants. In fact, we found the opposite because neither mutation of F104 ([Figure S4D](#SD1){ref-type="supplementary-material"}) nor the deficiency of the N-recognins ([Figure S4E](#SD1){ref-type="supplementary-material"}) reduced PINK1 ubiquitination. Importantly, this unexpected discrepancy between PINK1 stability and ubiquitination was likely not an artifact because N-recognin-deficient MEFs transiently transfected with a known N-end rule substrate (Sindbis nonstructural proteins 4 \[nsP4\]) showed both increased half-life ([Figure S4F](#SD1){ref-type="supplementary-material"}) and decreased ubiquitination ([Figure S4G](#SD1){ref-type="supplementary-material"}), as expected.

If the N-end rule is not operating on PINK1, why are the F104^M/A^ mutants long-lived? One possibility is that these PINK1 mutants were simply refractory to degradation. Consistent with this possibility, we found that upon transient transfection in HeLa cells, mutant PINK1^F104M/A^ was prone to aggregation, as revealed by the presence of fluorescent PINK1 puncta, increased 52-kDa PINK1 content in the detergent-insoluble fraction ([Figures 4B and 4D](#F4){ref-type="fig"}), robust binding to cellulose acetate membrane ([Figure 4E](#F4){ref-type="fig"}, upper panel), and increased SDS-resistant higher molecular smear ([Figure 4E](#F4){ref-type="fig"}, lower panel). Likewise, PINK1-positive aggregates were detected in N-recognin-deficient MEFs, but not in wild-type (WT) MEFs transiently transfected with WT PINK1 ([Figure 4C and 4F](#F4){ref-type="fig"}). Although this aggregation was likely due to the accumulation of undegraded PINK1 species, we note that the PINK1^K137R^ mutation, which also enhanced accumulation of PINK1 via failure to be ubiquitinated, did not promote aggregation; PINK1^K137R^ did not differ from WT PINK1 in any of the four studied aggregation parameters ([Figures 4B, 4D, and 4E](#F4){ref-type="fig"}). Thus, the greater stability of the 52-kDa PINK1 N-end-rule mutants likely reflected PINK1's propensity to aggregate rather than its susceptibility to degradation via an ostensible N-end rule mechanism.

Lastly, we examined the role of known E3 ligases that catalyze ubiquitination of mitochondrial proteins ([@R21]). Consistent with our previous findings ([@R42]), we found that silencing *Parkin* failed to attenuate PINK1 ubiquitination ([Figure S4H](#SD1){ref-type="supplementary-material"}). Likewise, silencing two main MOM-resident E3 ligases, namely, *MUL1* or *MARCH5* also failed to attenuate PINK1 ubiquitination ([Figure S4I and S4J](#SD1){ref-type="supplementary-material"}). These data suggest that PINK1 ubiquitination might be modulated by an E3 ligase other than those commonly involved in mitochondrial protein ubiquitination.

DISCUSSION {#S10}
==========

Here, we present evidence that PINK1 is degraded through a proteasome-dependent mechanism that relies on the preferential polyubiquitination of the mature 52-kDa form of the protein and that among its 20 internal lysine residues, one, K137, is critical for determining PINK1 ubiquitination. On the basis of our computational analyses, we believe that the preferential susceptibility of K137 to ubiquitination in 52-kDa PINK1 versus 63-kDa PINK1 is due to a conformational change in the mature protein that arises from the proteolytic removal of the first 103 aa of full-length PINK1, thereby exposing the site for ubiquitination. Indeed, K137 was predicted to reside in a region of structural flexibility in the protein's N-terminal region (between F104 and I233), with K137 exposed on the protein's surface (see [Figure 3A](#F3){ref-type="fig"}). Dramatic conformational changes in transmembrane proteins following their proteolytic processing have been reported previously; prion protein, amyloid precursor protein, and cholera toxin typify this phenomenon ([@R14]; [@R26]; [@R28]; [@R45]).

Conformational changes, however, may not be the sole alteration that predisposes 52-kDa PINK1 to ubiquitination. Full-length PINK1, which we confirm here is an integral MOM protein ([@R34]; [@R49]), is characterized by one main transmembrane domain of \~20 aa that includes a stretch of 14 consecutive hydrophobic amino acids, between A98 and I111. As proposed by the "mattress model" of lipid-protein interactions in membranes ([@R23], [@R24]), it is energetically favorable for a membrane system to match a peptide's hydrophobic length to the bilayer's hydrophobic thickness. If this is the case with full-length versus mature PINK1, there will be a region of hydrophobic mismatch at the N-terminal portion of 52-kDa PINK1 due to the loss of the first 103 aa, including \~1/2 of the transmembrane domain, thereby rendering this hydrophobic sequence much shorter than the hydrophobic thickness of the MOM that it spans. Such phenomena have been shown to produce significant protein and membrane rearrangements ([@R9]; [@R24]). Thus, we propose that the preferential ubiquitination of 52-kDa PINK1 results from the combination of PINK1 conformational changes and protein-membrane rearrangements that lead to a greater exposure of lysine residues and, in particular K137, to ubiquitination.

Although our data support the idea that mature PINK1 is degraded via ubiquitination, they do not support the view that the N-end rule is the primary means of PINK1 degradation as previously proposed ([@R47]). Indeed, our analysis of PINK1 cellular accumulation showed that in our hands, the bulk of Ub-PINK1 is mitochondrially anchored and that the N-terminal phenylalanine (F104) of PINK1, which forms the N-degron motif, is located inside the MOM. Thus, the supposed PINK1 N-degron motif would be inaccessible to the cytosolically localized N-end rule ubiquitination machinery. Furthermore, we found that the extension of half-life in F104^M/A^ mutants is due not to loss of the N-degron motif of PINK1, but rather to an unexpected accumulation of aggregated (and poorly degradable) PINK1 species. Nonetheless, in healthy conditions, a small fraction of PINK1 is present in the cytosol ([@R3]; [@R10]; [@R19]; [@R36]; [@R44]). Thus, we cannot exclude that the cytosolic portion of PINK1, if it escapes ubiquitination while anchored in the mitochondria, might be degraded by the N-end rule pathway.

Remarkably, we also found that neither Parkin, Mach-5, or Mulan catalyze PINK1 ubiquitination, suggesting that PINK1 degradation does not rely on the most obvious cytosolic or mitochondrial E3 ubiquitin ligases in the context of the Parkin/PINK1 pathway. Previously, we and others have argued that PINK1 might reside at the mitochondrial contact sides ([@R33]; [@R49]). More recently, it has been reported that PINK1 may be localized at the mitochondria-associated membranes ([@R11]). Thus, PINK1 may be an ideal candidate for trans-ubiquitination by E3 ubiquitin ligases embedded in organelles other than mitochondria.

Unlike most substrates destined for proteasomal degradation, we found that PINK1 polyubiquitin chains are not made solely of K48 linkages, but of K29 and, to a lesser extent, K63 linkages as well. The occurrence of K29-dependent heterotypic ubiquitin chains suggests that PINK1 ubiquitination is initiated by short K29 chains that serve as a scaffold for subsequent assembly of longer chains made primarily of K48 linkages ([@R17]; [@R22]). Because the length of the K48-linked chain profoundly influences the targeting of the substrate to the proteasome ([@R27]), the K29 linkages are likely necessary but not sufficient to promote PINK1 degradation.

Taken together, our data support the following model of PINK1 homeostasis. Upon translation of PINK1, the N-terminal part of the full-length 63-kDa protein is imported into mitochondria, where the first 103 amino acids are removed by the combination of MPP and PARL proteases, producing 52-kDa PINK1. This shorter form of PINK1 adopts a distinct conformation and engages in interactions with bilayer membranes in a manner distinct from that of the 63-kDa form. In turn, this modified conformation promotes exposure of K137 in the region linking the transmembrane and kinase domains that is critical for modification of 52-kDa PINK1 by ubiquitin. Thus, the molecular pathway outlined here allows PINK1 ubiquitination to be tightly regulated in a timely and spatially restricted manner and ensures that PINK1 serves its function as a mitochondrial quality control factor. Our data are not consistent with PINK1 ubiquitination being primarily, if at all, catalyzed by either the N-end rule or mitochondrial associated E3 ligases ([Figures S4H, S4I, and S4J](#SD1){ref-type="supplementary-material"}), and thus the exact details that decipher how Ub-PINK1 is generated and accesses the proteasome are currently under investigation.

EXPERIMENTAL PROCEDURES {#S11}
=======================

Cell Culture, Transfection, and Plasmids {#S12}
----------------------------------------

MEF Ubr1^−/−^ Ubr2^−/−^ Ubr4^siRNA^ (where Ubr4 was knocked down by siRNA in double Ubr1- and Ubr2-deficient cells) and Parl^−/−^ cells were generous gifts from Yong Tae Kwon (University of Pittsburgh) and Bart de Strooper (KU Leuven, Belgium), respectively. Transient transfections were performed as previously described ([@R2]; [@R42]). Epitope-tagged PINK1 and PINK1 mutants or deletion constructs were generated by PCR-based DNA mutagenesis.

Subcellular Fractionation, Protease K Protection Assay, and Alkaline Extraction {#S13}
-------------------------------------------------------------------------------

Crude mitochondria from cultured cells were fractioned as described previously ([@R1]; [@R6]; [@R13]). The protease K protection assay and alkaline extraction were performed as described ([@R49]).

Immunoblotting, Immunoprecipitation, and In Vivo Ubiquitination {#S14}
---------------------------------------------------------------

Immunoblotting and immunoprecipitation assays were carried out as previously described ([@R42]; [@R49]). For in vivo ubiquitination assay, cell lysates were boiled in 1% SDS-containing buffer prior to being immunoprecipitated with a polyclonal anti-PINK1 antibody. Then, ubiquitinated species were revealed by immunoblotting analysis using an antibody against HA or ubiquitin.

Filter Trap Assay for Protein Aggregates {#S15}
----------------------------------------

As described previously ([@R31]; [@R43]), a total of 200 μg of cell lysate was applied to 0.22 μM cellulose acetate membrane (NitroBind) in a dot blotting apparatus, followed by immunoblotting with anti-PINK1.

Protein Half-Life Assay {#S16}
-----------------------

PINK1 half-life assay was performed in HeLa or MEF cells that transiently or stably express PINK1 using cycloheximide (100 μg/mL) similarly as described ([@R20]).

Immunofluorescence and Imaging {#S17}
------------------------------

All procedures were previously described ([@R13]).

Structural Modeling of the 52-kDa PINK1 {#S18}
---------------------------------------

The i-TASSER program ([@R29]; [@R48]) was used to predict the three-dimensional structure of the 52-kDa PINK1. Top predicted structural models were selected based on the C-score and stereochemical quality, as indicated by PROCHECK ([@R18]). For homology modeling, we used BlastP to identify suitable structural templates in the Protein Data Bank, and the program Modeler ([@R30]) was employed to predict the kinase domain of PINK1.

Mass Spectrometry Analysis {#S19}
--------------------------

PINK1-purified protein complexes were resolved using SDS-polyacrylamide gel electrophoresis, and protein bands were excised, digested with trypsin, and purified using Poros 50 R2 (Applied Biosystems) reversed-phased beads. Then, purified peptide mixtures were subjected to nano LC-MS/MS analysis as described ([@R4]).

Statistical Analysis {#S20}
--------------------

Data are presented as mean ± SEM from at least three independent experiments. Samples were compared by one- or two-way ANOVA followed by a Student's-Newman-Keuls test. The Null hypothesis was rejected at the 0.05 level. All analyses were performed with Sigmaplot for Windows version 12.0 (Systech Software).
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======================
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![Ubiquitinated PINK1 Is Associated with Mitochondria and Faces the Cytosol\
(A) In vivo ubiquitination assay in HEK293T cells co-transfected with HA-Ub and WT PINK1 constructs were incubated for 6 hr with 10 μM MG132. IB, immunoblotting. IBs were re-probed with anti-PINK1 antibody. Input was 10% of the extracts. \*Immunoglobulin G (IgG) heavy chain.\
(B) Subcellular fractionation of Ub-PINK1. T, total cell extracts; CC, crude cytosol; CM, crude mitochondrial fractions from HA-Ub and PINK1 co-transfected HEK293T cells exposed to MG132. Anti-PINK1 antibody for IP raised against aa 175--250 (denoted "PINK1"). Input is 10% of T, CC, or CM. ATPase alpha (ATP5A) and protein kinase C (PKC) are mitochondrial and cytosolic markers, respectively.\
(C) PK effects on Ub-PINK1 from crude mitochondrial fractions. TOM70 and SMAC are MOM and IMS protein markers, respectively.\
(D) Effect of alkaline extraction (0.1 M Na~2~CO~3~, pH 11) on Ub-PINK1 from crude mitochondrial fractions. p, particulate fraction; S, supernatant. TIM23 and SMAC are mitochondrial integral membrane and soluble protein markers, respectively.](nihms926709f1){#F1}

![The 52-kDa Cleaved PINK1 Is the Predominant Ubiquitinated Species\
(A) Schematic of human PINK1 protein functional domains and location of its 21 lysine residues (K). MTS, mitochondrial targeting sequence; TM, transmembrane domain; KD, kinase domain.\
(B) Diagram of PINK1 regions recognized by anti-PINK1 N-term and BC100-494 (denoted as PINK1 antibody on the rest of the figures) antibodies.\
(C) Schematic of the Myc^34^-PINK1 construct.\
(D) Left: Ub-PINK1 IP of HEK293T cells with either anti-PINK1 antibody PINK1 or N-term and IB with anti-HA antibody. Right: reversed IP using anti-HA antibody or pre-immune IgG (control) and then IB with either the PINK1 or N-term antibody. \*52-kDa PINK1 migrates slightly above the heavy chain of IgG.\
(E) Similar experiment as in (D). Left: cells co-transfected with Myc^34^-PINK1 and HA-Ub using anti-PINK1 or anti-Myc antibody for IP and anti-HA antibody for IB.\
(F) PINK1 IP of HEK293T cells overexpressing PINK1 and HA-Ub exposed to 1 μm valinomycin (Val) for 12 hr, and then to 10 μm MG132 for 6 hr. IB with Ub-PINK1 from total extracts.\
(G) PINK1 IP of total extracts from WT or PALS-deficient (PARL^−/−^) MEF overexpressing PINK1 and HA-Ub. IB with anti Ub-PINK1.](nihms926709f2){#F2}

![Lys137 Is the Major Ubiquitination Site of PINK1\
(A) Predicted 3D model of the 52-kDa PINK1. The linker region, kinase domain, and C terminus are shown in cyan, yellow, and violet, respectively. An experimentally determined kinase domain (PDB: 3DXN) is aligned to the kinase domain of PINK1 and colored in blue (root-mean-square deviation \[RMSD\] 2.3 Å over 145 Cα pairs). Lys114, Lys135, and Lys137 of PINK1 are shown as sticks.\
(B) PINK1 ubiquitination sites by mass spectrometry. Bands labeled 1--3 were excised from the gel and analyzed by mass spectrometry to identify the -Gly-Gly signature. Ub-PINK1 was enriched by IP with the anti-PINK1 antibody using lysates from PINK1 and HA-Ub co-transfected HEK293T cells exposed to MG132. Eluted proteins were stained with Coomassie blue. Pre-immune IgG was used as control.\
(C) Lys137, Lys186, and Lys266 (see [Figure S3A](#SD1){ref-type="supplementary-material"}) are the sites identified with the -Gly-Gly signature.\
(D) Sequence alignment of ubiquitin-modified lysine residues (Lys137, Lys186, and Lys266) and the linker region connecting the TM and KD domain of PINK1 orthologs.\
(E) Ub-PINK1 IB from HA-Ub and PINK1^K137R^ co-transfected HEK293T cells.\
(F) Half-life of WT PINK1 or mutant PINK1^K137R^ by IB using anti-PINK1 antibody. HeLa cells were incubated with 10 μM MG132 for 2 hr and then, after wash-out, with 100 μg/mL of cycloheximide (CHX). Cells were harvested at the indicated time points. Upper: representative IB. Bottom: IB quantification. Data are presented as mean ± SEM from at least three independent experiments.\
(G) Same as [Figure 1A](#F1){ref-type="fig"}, except that different HA-Ub mutant constructs were used for co-transfection.](nihms926709f3){#F3}

![Ubiquitination of 52-kDa PINK1 May Not Be Related to the N-End Rule Process\
(A) HeLa cells transfected with either Myc^104^-PINK1 or Myc^109^-PINK1 construct. Permeabilization was performed by 0.01% digitonin (Dig) or 0.1% Triton X-100 (TX) before immunofluorescence. ND, non-detergent-treated control. Scale bar, 10 μm.\
(B) PINK1 immunofluorescence of WT or mutant PINK1 transiently transfected HeLa cells. Scale bar, 10 μm.\
(C) PINK1 immunofluorescence of transiently transfected WT or ubr1^−/−^ubr2^−/−^ubr4^siRNA^ triple knockout (TKO) mutant MEF cells. Scale bar, 10 μm.\
(D) PINK1 transfected HeLa Cells were extracted using 1% NP40 lysis buffer, and insoluble pellets were resolubilized in the Laemmli buffer.\
(E) Upper: filter trap assay of cell lysates from WT and mutant PINK1 transfected HEK293T. Lower: same cell lysates as upper panel showing detergent-resistant high molecular smear.\
(F) Same as in (D), except that WT or ubr1^−/−^ubr2^−/−^ubr4^siRNA^ (TKO) MEF cells were transfected with WT PINK1 construct.](nihms926709f4){#F4}

###### Highlights

-   Mature PINK1 is regulated by ubiquitination and degradation by the proteasome

-   Ubiquitinated PINK1 is anchored to mitochondria

-   The 52-kDa mature PINK1 is the target of polyubiquitination

-   K137 is the main site for ubiquitination of mitochondrial PINK1
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